The neuropeptide S (NPS) system contributes to the pathogenesis of anxiety. The more active T allele of the functional rs324981 variant in the neuropeptide S receptor gene (NPSR1) is associated with panic disorder (PD) and distorted cortico-limbic activity during emotion processing in healthy adults and PD patients. This study investigated the influence of NPSR1 genotype on fronto-limbic effective connectivity within the developing brain. Sixty healthy subjects (8-21 years) were examined using an emotional go-nogo task and fMRI. Fronto-limbic connectivity was determined using Dynamic Causal Modeling. In A allele carriers, connectivity between the right middle frontal gyrus (MFG) and the right amygdala was higher in older (≥14 years) than that in younger (<14 years) probands, whereas TT homozygotes ≥14 years showed a reduction of fronto-limbic connectivity between the MFG and both the amygdala and the insula. Fronto-limbic connectivity varied between NPSR1 genotypes in the developing brain suggesting a risk-increasing effect of the NPSR1T allele for anxiety-related traits via impaired top-down control of limbic structures emerging during adolescence. Provided robust replication in longitudinal studies, these findings may constitute valuable biomarkers for early targeted prevention of anxiety disorders.
Introduction
Anxiety disorders can already manifest early in childhood and show a high chronicity as well as progression toward other anxiety disorders across the lifespan (e.g., Kossowsky et al. 2013) . Accordingly, in the latest version of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5; American Psychiatric Association 2013), separation anxiety disorder and selective mutism -previously classified in the section "Disorders Usually First Diagnosed in Infancy, Childhood, or Adolescence" -are now included in the overall "Anxiety Disorders" chapter. Pathogenetically, studies have suggested a dynamic role of genetic factors (Waszczuk et al. 2014 ) and neural network maturation (Gabard-Durnam et al. 2014 ) during childhood and adolescence as possibly relevant for anxiety-related phenotypes. Given this strong developmental aspect of anxiety across the lifespan yet to be explored in detail regarding its neurobiological underpinnings, in the present imaging genetic approach for the first time, genetic (neuropeptide S [NPS] receptor rs324981 A/T variant) and neural network (fronto-limbic effective connectivity) risk factors of anxiety were comparatively investigated in the typically developing brain of children and adolescents, respectively, in a proof-of-principle multi-level risk factor model of anxiety disorders.
The NPS system has been suggested to crucially contribute to the pathogenesis of anxiety. In rodent models, NPS and agonists at its cognate receptor (NPSR) were reported to elicit anxiolytic effects while increasing arousal-related behavior (Xu et al. 2004; Leonard et al. 2008; Rizzi et al. 2008; Vitale et al. 2008 ; for review see Pape et al. 2010) . NPS precursor mRNA is strongly and relatively selectively expressed in the brain stem, whereas NPSR mRNA is widely expressed throughout the central nervous system, including the amygdaloid complex, the insular cortex, and the frontal cortex (Xu et al. 2007; Clark et al. 2011 ). The human gene coding for the neuropeptide S receptor (NPSR1) contains a single-nucleotide polymorphism (SNP)(rs324981 A/T) leading to an Asn/Ile exchange at position 107 (Asn107Ile), with the T allele (107Ile) increasing NPSR expression and NPS efficacy at the NPS receptor about 10-fold (Reinscheid, Xu, Okamura et al. 2005; Bernier et al. 2006) . The more active NPSR1T allele has consistently been found to be associated with several categorical as well as dimensional anxiety-related phenotypes such as panic disorder (PD) Donner et al. 2010; Domschke et al. 2011) , anxiety sensitivity in both patients with PD and healthy probands with childhood traumata (Klauke et al. 2014) , increased autonomic arousal as reflected by a heightened heart rate and more intense symptom reports during a behavioral avoidance test (Domschke et al. 2011) , and increased fear ratings in a Pavlovian conditioning (Raczka et al. 2010) . Imaging genetic studies have discerned the more active NPSR1T allele to drive increased amygdala responsivity to fearful faces in healthy probands (Dannlowski et al. 2011 ), but decreased activity in the anterior cingulate cortex, orbitofrontal, and dorsolateral prefrontal cortex (PFC) in response to fearful faces in patients with PD. Reciprocally, applying an emotional Stroop task Tupak et al. (2013) discerned increased medial and dorsolateral PFC activation in healthy adults in response to fear-relevant stimuli conferred by the NPSR1 A allele. These imaging genetic findings suggest a potential protective function of the NPSR1 A allele against pathologically enhanced anxiety by means of stronger automated prefrontal regulation of subcortical fear responses and reciprocally a risk-increasing effect of the NPSR1T allele via impaired top-down control of limbic structures.
On a neural network level, the emotional go-nogo task combines the cognitive domains of emotion/fear processing as well as cognitive control and emotion regulation. Brain regions associated with this task are the dorsolateral prefrontal cortex (dlPFC), which has been shown to play a pivotal role in the top-down control of emotion (for a recent review, see Okon-Singer et al. 2015) . During response inhibition, fronto-striatal pathways have been reported as key structures (Alexander et al. 1986) , with evidence for the striatum to interact with the amygdala during emotional stress situations (e.g., Aue et al. 2013) . Insular volume has been found to correlate with emotional awareness required for expressive suppression as an emotion regulation strategy (Giuliani et al. 2011) and with emotion regulation skills in children (Pagliaccio et al. 2014) . Developmental changes within these domains have been reported in numerous studies, for example, in the model by Casey et al. (2008) : despite a continuous increase in cognitive control skills accompanied by a maturation of prefrontal areas, emotion regulation in return demonstrates a more discontinuous maturation including a growth spurt of limbic regions during adolescence, associated with poorly regulated "pubertal" behavior such as increased risk taking, drug abuse, and moodiness . The development of control networks has been defined by 2 complementary mechanisms, "segregation" and "integration" (Fair et al. 2009 ). Whereas integration described the organization of brain regions into networks (i.e., increase in long-range connections), segregation refers to the differentiation of sets of regions into separate networks (e.g., decrease in shortrage connections). Network integration within fronto-limbic connectivity was mirrored by an increase in long-range connectivity between the amygdala and the PFC from childhood to adulthood (Gabard-Durnam et al. 2014) .
Dynamic causal modeling (DCM) is a technique to determine effective connectivity (Mechelli et al. 2003) . Effective connectivity in general describes the causal influence that network regions exert over another. In the DCM routine, 2 types of connectivity are specified: a) endogenous connectivity as the fixed connectivity among the network regions in the absence of external input and b) modulatory input: the change in connectivity induced by the input of exogenous influences (e.g., psychological stimulation via an experimental paradigm) . The use of effective connectivity in this study was based on 2 motivations: first, effective connectivity allows for differentiating between the directions of the functional interaction between 2 areas, and thus, the separation of (frontal) top-down control and (limbic) bottom-up processing during emotion regulation. Second, as NPS is closely associated with serotonergic, noradrenergic, and glutamatergic neurotransmitter activity (Raiteri et al. 2009; Okamura et al. 2010 Okamura et al. , 2011 Gardella et al. 2013 ) and, in turn, effective connectivity is supposed to reflect neurotransmitter-driven synaptic plasticity, the functional NPSR1 rs324981 A/T variant might particularly manifest in terms of effective network connectivity.
Based on the findings introduced earlier, we expected increased behavioral performance in adolescents as compared with children independent of genotype, given the simplicity of the task and the presently investigated healthy subject group. On brain level, however, we expected to detect an NPSR1 genotype-driven effect with an increased long-range connectivity between the amygdala and the PFC in older compared with younger nonrisk A allele carriers as described for a normally developing population by Fair et al. (2009) , but an altered influence of age in TT risk genotype homozygotes reflected by lower effective connectivity in older TT homozygotes compared with older A allele carriers. Furthermore, a stronger influence of anxiety on fronto-amygdala connectivity was expected in TT homozygotes as compared with A allele carriers.
Materials and Methods

Subjects
Sixty-two children and young adults, aged from 8 to 21 years (27 females), who were developing normally as ascertained by the Kiddie Schedule for Affective Disorders and Schizophrenia for school-aged children, 6-18 years) (KSADS; Endicott and Spitzer 1978) or the SCID-I for older subjects, respectively (Wittchen 1997) , were examined at the Department of Diagnostics and Interventional Neuroradiology, Klinikum rechts der Isar, Technical University Munich, Germany. Evaluation of anxiety symptoms as ascertained by the anxiety subscale the KSADS (KSADS_A; Endicott and Spitzer 1978) revealed that all subjects scored within the nonclinical range (see Table 1 ). Only probands without a family history of neuropsychiatric disorders for at least 2 preceding generations were included in the present study. All probands were not taking any medication at the time of the study.
The physical level of maturation was assessed via Tanner Stages, a 5-point scale describing the developmental state of primary and secondary sexual organs Tanner 1969, 1970) , in a medical examination conducted by an experienced physician. Testosterone and estrogen levels were determined at the Institute of Clinical Chemistry and Pathobiochemistry, Endocrincology II, Klinikum rechts der Isar, Technical University Munich, Germany, using an electroluminescence immunoassay, a competitive assay, with cobas e411 (Roche). In postmenarchal females (n = 17), data acquisition, that is, blood sampling and fMRI scanning, was scheduled in the midcycle phase (8d-14d), characterized by high EST concentrations (Goldstein et al. 2005) . Individual EST levels of all subjects were normal according to the agedependent standardized norms (M males = 11.7 ± 8.5 pg/mL, norm range: 10-40 pg/mL; M females = 60.0 ± 53.0 pg/mL, norm range EST FollicularPhase = 30-120 pg/mL). None of the subjects fulfilled the criteria for "pubertas praecox" or "pubertas tarda".
Intelligence quotients (IQ) were estimated on the basis of a short version of the Wechsler Intelligence Scale (Wechsler 1991; Petermann and Petermann 2010) , with all subjects showing normal intelligence (113 ± 13). All subjects were right-handed according to the Edinburgh Handedness Inventory (Oldfield 1971) .
All subjects and all parents gave their written informed consent. The study protocol was approved by the Medical Ethics Committee of the Klinikum rechts der Isar, Technical University Munich, Germany. Two subjects (1 female, 1 male) refused the collection of blood samples necessary for the determination of NPSR1 genotype. Therefore, they were excluded and a sample of 60 subjects (14.5 ± 3.7 years old, 26 females) entered statistical analyses.
Genotyping
Genotyping for the functional neuropeptide S receptor (NPSR1) A/T (N 107 I) variant (rs324981) was performed according to published protocols (Domschke et al. 2011 (Domschke et al. , 2012 
Experimental Paradigm
Subjects performed an adapted version of the emotional go-nogo task from Hare et al. (2005 Hare et al. ( , 2008 . Stimulus pictures consisted of a set of gray-scaled face stimuli taken from the NimStim set (http ://www.macbrain.org) posing 3 different facial expressionshappy, fearful, and calm -from 12 individuals (6 females). Calm rather than neutral expressions were used on the basis of previous findings showing that children/adolescents differ from adults in their response to neutral faces (Thomas et al. 2001) . Subjects completed 3 runs of a go-nogo task with fearful, happy, and calm facial expressions as targets and nontargets (see Fig. 1 ). Runs included at least 2 categories of expressions, 1 target and 1 nontarget. As it has been shown that the highest stimulation of amygdala activity can be induced by the contrast of emotional (fear, happy) and calm faces as opposed to the contrast of emotion valences (fear vs. happy) , the following combinations were used for experimental runs: fear target with calm nontarget (run: goFear); happy target with calm nontarget (run: goHappy), and calm target with happy and fear nontargets (run: goCalm) respectively, with the latter 2 trial types (happy nontargets and fear nontargets) being presented in a random order. All trials were pseudorandomized across the run to control for the order of presentation. Before each run, participants were instructed to press a button when a predefined target (e.g., calm faces) appeared and to withhold a motor response in case a different stimulus was presented (nontarget, e.g., happy faces) (cf. Fig. 1 for an exemplary illustration of the task). As the ratio between targets and nontargets was ∼70:30, participants tended to respond every time a stimulus appeared on the screen (either target or nontarget), reflecting an increased difficulty in inhibiting the motor response during nontargets. Motor inhibition was supposed to be more difficult when nontargets were either happy or fearful faces as compared with calm faces, assuming that in nontargets with high emotional valence, that is, happy/fearful faces, emotional processing interfered with motor inhibition, which was not expected during the inhibition of calm faces (∼low/no emotional valence) (Hare et al. 2005 Tottenham et al. 2011) .
The runs goHappy and goFear included 30 targets and 10 nontargets; the run goCalm included 80 trials in total subdivided into 60 targets, 10 happy nontargets, and 10 fear nontargets. Stimulus duration was 500 ms; the average interstimulus interval (ISI) was 3750 ms varying between 2000 and 12 000 ms. Run duration was 4 min; the long run was 8 min.
Before scanning, subjects practiced the experimental task on a computer outside the scanner until they were able to correctly inhibit 3 consecutive nontargets. In the scanner, targets and nontargets were verbally announced before each run. Additionally, at the beginning of each run, a written instruction appeared on the screen informing the subjects which facial expressions were targets and which were nontargets in the following run (also see Fig. 1 ), in order to minimize working memory demands.
MRI Data Acquisition and Processing
A 3-Tesla MRI system (Verio, Siemens) equipped with a 12-channel head coil was used to acquire functional images. For coregistration, anatomical images were obtained from each subject using an isotropic T1-weighted MPRAGE (Magnetization Prepared All imaging data were preprocessed and analyzed with the SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/software/ spm8) run in MATLAB 2012b (TheMathWorks, Inc.). All functional images were slice time corrected and realigned. Subsequently, images were coregistered with the anatomical T1 image and spatially normalized to standard stereotactic space (MNI T1 template). Images were spatially smoothed with a 3D isotropic Gaussian kernel (FWHM 8 mm).
Effective Connectivity: DCM To identify network regions for connectivity analyses, we performed a GLM analysis of the baseline brain activation pattern. Therefore, at the single subject level, one regressor of interest was defined, all > baseline ("main effect of task"). Onset regressor included the time points of condition-overlapping stimuli appearance (all targets and nontargets). In addition to the contrast of interest, error regressors and realignment parameters were included into the model to model error-related and movementinduced variance of brain activation. Contrast images of contrasts of interest were defined for each individual and entered the statistical analysis.
To determine effective connectivity, we used DCM 10 as implemented in the SPM 8 software. To ensure data quality, we used the spm_dcm_check.m routine as provided online (http://www.fil.ion.ucl.ac.uk/spm/). We used DCM to infer effective connectivity and its modulation by the specific experimental context from our fMRI measurements. For DCM, models of brain networks were constructed consisting of task-relevant brain regions and their directed connections. Posterior estimates of hidden (unobserved) neuronal states such as the state-dependent ("endogenous") effective strength of synaptic connections among neuronal populations and their context-dependent modulation ("modulatory") were determined from regional brain responses.
The choice of subject-specific coordinates was guided by group activation maxima of the "main effect of task" in the right middle frontal gyrus (MFG), the striatum (stria), the supplementary motor area (SMA), the right amygdala (AMY), and bilaterally within the insular cortex (INS). We chose subject-specific maxima in these regions that were i) within a radius of 10 mm around the group maxima and ii) within the same gyrus. Regional time series were extracted as the first eigenvariate of all activated voxels within a 10-mm radius around the subject-specific maxima. In our case, six-area DCMs were specified.
As DCM is based on a priori defined network models, we defined our 6-region-models: fronto-striatal pathways reflected response, and limbic regions including the amygdala represented emotion processing. Emotion regulation, in turn, was supposed to be mirrored by the fronto-limbic communication in terms of frontal top-down control on limbic regions and limbic bottomup reports to the frontal cortex. In this study, 3 model families were defined: 1) in the "frontal top-down" family, all inhibitionassociated connections including frontal top-down connections, bidirectional fronto-striatal connectivity, and connections of the SMA were predefined, bottom-up and interlimbic connections were randomized resulting in 2 6 models. This way, the question of which brain regions were mainly involved in limbic bottom-up processing was addressed. 2) In the "limbic bottom-up" family, connections emerging from the amygdala and going to frontal and striatal regions were predetermined. Frontal and striatal top-down connections were consecutively randomized in the total of 2 6 models; 3) and finally in the "emotion regulation" family, connections between the frontal cortex and the amygdala were predefined (reflecting the core of the emotion regulation network) and the connectivity emerging from and going to the striatum as well as both insulae were systematically randomized resulting in 2 6 models. The procedure of DCM included a comparison of these network models to reveal the model with the highest evidence (Bayesian Model selection, BMS) . The models were compared by applying a combined random-effects model selection strategy, using family inferences and Bayesian model averaging (BMA) within families, since this approach also allows analyzing more extended model spaces. Having identified the model with highest evidence, connectivity parameters of that model were estimated and entered statistical analysis.
Statistical Analysis
According to previous studies (Domschke et al. 2012; Klauke et al. 2014; Neufang et al. 2015) and empirical results (see 3.2), statistical analyses were based on a grouped genotype model (NPSR1 TT risk genotype vs. A allele carriers; TT vs. AA/AT).
Behavioral Performance
To ensure comparable sample sizes within genotypes, age groups were defined using a median split resulting in a group of subjects under the age of 14 years and a group of subjects of 14 years and older (A allele carriers <14 years: n = 20, 11.5 ± 1.5 years; A allele carriers ≥14 years: n = 20, 17.7 ± 2.6 years; TT homozygotes <14 years: n = 10, 11.5 ± 2.0 years; TT homozygotes ≥14 years: n = 10, 17.2 ± 2.9 years), also reflecting the physical maturation stages of the sample: subjects younger than 14 years were found to be in the pre-/peripubertal Tanner stages 1 and 2 (1.4 ± 0.5); subjects of 14 years and older were characterized by postpubertal Tanner Stages 3 to 5 (4.2 ± 0.8) Tanner 1969, 1970) . To statistically analyze behavioral data, we performed a 2 × 2 × 2 × 2 repeated-measures ANOVA using age (subjects <14 years vs. subjects ≥14 years) and NPSR1 genotype (TT homozygotes vs. A allele carriers; see above) as between-subject factors as well as stimulus type (targets vs. nontargets) and emotion (emotional vs. calm trials) as within-subject factors. Dependent variables were error rates (%) of emotional targets (happy targets + fear targets), calm targets, emotional nontargets (happy nontargets + fear nontargets) and calm nontargets.
Reaction times were defined as the time from the onset of a target stimulus to the button press and averaged by calculating the median reaction time of successfully performed targets. For emotional trials, reaction times were determined as median reaction time of happy targets and fear targets; for calm trials, reaction times were calculated from calm targets. For statistical analysis of reaction times, a 2 × 2 × 2 repeated-measures ANOVA model was defined with the between-subject factors age and NPSR1 genotype as well as the within-subject factor emotion. As determination of reaction times was only possible for targets, the factor stimulus type was omitted in this analysis.
In addition, omission errors defined as misses during targets were statistically addressed within a 2 × 2 × 2 repeated-measures ANOVA model defined with the between-subject factors age and NPSR1 genotype as well as the within-subject factor emotion.
Finally, speed-accuracy tradeoff scores for emotional and calm targets were defined by the ratio of reaction times (z-transformed reaction time, i.e., normalized to the standard deviation of overall reaction time) and accuracy (z-transformed false alarm rate, i.e., normalized to the standard deviation of overall false alarm rate) and statistically evaluated in a 2 × 2 × 2 repeated-measures ANOVA.
DCM Estimates
For effective connectivity parameters, a 2 × 2 MANOVA was defined with the independent factors age and NPSR1 genotype and DCM estimates as dependent variables. We used a threshold of significance of P < 0.05 and applied False Discovery Rate (FDR) as developed by Benjamini and Hochberg (1995) to correct for multiple comparisons.
Finally, we analyzed the influence of anxiety (KSADS_A) on behavioral and connectivity parameters using bivariate correlations. Correlational analyses were performed for NPSR1 A allele carriers and TT homozygotes separately.
Results
Sample Characteristics and Behavior
NPSR1 genotype groups (TT vs. A allele carriers) did not significantly differ with regard to sex, age, IQ, and anxiety (see Table 1 ).
Using a 2 × 2 × 2 × 2 repeated-measures ANOVA model, we found significant differences with regard to age in the way that error rate was higher in older (≥14 years) than that in younger ( < 14 years) probands, whereas reciprocally reaction times were lower for older than those for younger subjects (<14 years: 703 ± 31 ms, ≥14 years: 570 ± 25 ms, F = 11.1, P<0.05). There was no significant influence of genotype on behavioral data, neither in group comparisons nor in genotype by age interaction (see Table 2 ). Furthermore, error rate differed significantly between emotional and calm targets in terms of lower error rate during calm targets compared with emotional targets, likewise error rate varied between stimulus types with lower error rate during targets compared with nontargets. Within-subject factors showed a significant interaction as error rate differed significantly between emotional and calm trials for the nontargets, whereas for targets, error rate was similar in emotional and calm trials (see Table 2 ). Finally, a significant stimulus by age interaction was found in the way that during nontargets, younger subjects performed significantly worse with a higher error rate compared with older subjects. There was no difference between age groups in the target condition (target/<14 years: 3.6 ± 0.6%, target/≥14 years: 1.4 ± 0.5%, nontarget/<14 years: 33.4 ± 4.2%, nontarget/≥14 years: 12.3 ± 3.3%; F = 13.4, P < 0.05).
In addition to significant differences in median scores of reaction times between age groups, subjects responded faster during calm trials compared with emotional trials (calm trials: 609 ± 20 ms, emotional trials: 664 ± 22 ms, F = 22.2, P < 0.01). There was no significant difference between genotype groups (F = 1.3) nor significant interactions between genotype and age (F = 0.1), genotype and emotion (F = 0.1), age and emotion (F = 2.8), and genotype, age, and emotion (F = 0.5).
The analysis of omission errors (number of omissions) revealed a significant influence of genotype (AA allele carriers: 0.5 ± 0.2, TT homozygotes: 2.6 ± 0.5, F = 14.8, P < 0.05) and age (<14 years: 2.6 ± 0.5, ≥14 years: 0.5 ± 0.3, F = 14.0, P < 0.05) as well as a significant genotype by age interaction (A allele carriers/ <14 years: 0.6 ± 0.4, A allele carriers/≥14 years: 0.4 ± 0.3, TT homozygotes/<14 years: 4.5 ± 0.9, TT homozygotes/≥14 years: 0.7 ± 0.4; F = 10.9, P<0.05). Emotion did not affect omission errors, neither directly (F = 3.6) nor via genotype (F = 1.6) or age (F = 6.9), or genotype by age (F = 4.7) interaction.
In a final 2 × 2 × 2 ANOVA model, speed-accuracy tradeoff scores were analyzed. Results showed a significant difference between age groups with younger subjects showing a higher speedaccuracy tradeoff compared with older subjects (<14 years: 13.9 ± 1.5, ≥14 years: 13.9 ± 1.5; F = 15.4, P < 0.05). There were no significant differences between genotype groups (F = 3.0), genotype by age interaction (F = 2.5), emotion (F = 0.1), and emotionrelated interactions (emotion and genotype: F = 1.5, emotion and age: F = 0.5, emotion, genotype, and age: F = 1.3).
DCM
To reveal the task-induced activation pattern ("main effect of task"), we performed a one-sample t-test on the respective contrast images and found a significant increase of brain activation within a cognitive control-associated fronto-striatal pathway covering the right MFG (48 38 24, Z = 5.0), the striatum (stria, 20 12 2, Z = 5.8), and the SMA (4 8 52, Z = 8.6) as well as the emotion-related areas right amygdala (AMY, 18 −4 −12, Z = 5.0) and the bilateral insulae (INS, 32 22 8, Z = 8.3, −34 14 4, Z = 8.2) (see Fig. 2A ).
Performing Bayesian model selection and BMA, the endogenous connectivity of the winning model (family 3, exceedance probability of 17%) included an extended model of bidirectional connectivity within the fronto-striatal-SMA pathway, between limbic regions (right AMY, bilateral INS) and fronto-limbic connections. Task-induced modulation, however, was only defined in terms of 2 fronto-limbic bottom-up connections from the right amygdala to the striatum and from the right insula to the right MFG (see Fig. 2B ).
In a next step, a genotype by age group interactive effect on effective connectivity was analyzed. An exploratory approach addressing a three-genotype model hinted toward an allele-dose effect with an inverse pattern of age groups differences depending on the number of A or T alleles, respectively (see Supplementary Fig. 1) . On a descriptive level, TT homozygotes -in contrast to A allele carriers (AA/AT) -were the only genotype group where fronto-limbic connectivity was lower in older (≥14 years) compared with younger subjects (<14 years) (see Supplementary  Fig. 1 ). Therefore and based on existing literature (see 2.5; Domschke et al. 2012; Klauke et al. 2014; Neufang et al. 2015) , all further analyses were based on a grouped genotype model (TT vs. A allele carriers). A 2 × 2 MANOVA model revealed significant genotype by age interactions within endogenous fronto-limbic connectivity, namely bidirectionally between the right MFG and the right AMY (end_rMFG→rAMY, end_rAMY→rMFG) as well as between the right MFG and the left INS (end_rMFG→lINS, end_lINS→rMFG) (see Table 3 ). In contrast to these interaction effects, network connectivity did not differ between genotype groups or age groups (for continuous/linear age effects please, see report of correlational analyses in Supplementary Table 1) .
For a deeper analysis of interaction effects, we performed post-hoc t-tests stratified for genotype as well as age group. We found that in A allele carriers endogenous connectivity between the right MFG and the right AMY was higher in older (≥14 years) than that in younger (<14 years) probands (end_rMFG→rAMY, T = 3.4, P corr < 0.05; end_rAMY→rMFG, T = 3.2, P corr < 0.05), whereas this was not the case in TT homozygotes (all P corr > 0.05) (see Fig. 3 ). Age-specific post-hoc t-tests revealed that in the older subjects (≥14 years), genotype groups differed significantly, with TT homozygotes showing reduced endogenous connectivity in all 4 fronto-limbic connections (end_rMFG→rAMY, T = 3.6, P corr < 0.05; end_rMFG→lINS, T = 3.1, P corr < 0.05; end_rAMY→rMFG, T = 4.0, P corr < 0.05; end_lINS→rMFG, T = 4.1, P corr < 0.05) as compared with A allele carriers (see Fig. 3 ). No genotype differences were detected in the group of younger subjects (<14 years) (all P corr > 0.05).
Anxiety
Using bivariate correlations, no statistically significant effect of anxiety as ascertained by the anxiety subscale of the KSADS could be discerned on behavioral parameters or on DCM estimates. However, in TT homozygotes, absolute values of correlation coefficients for anxiety and DCM estimates were higher than in A allele carriers (A+), hinting toward a negative relation between anxiety and connectivity (end_lINS→rMFG: r A+ = 0.04, r TT = −0.21, P = 0.38; end_rAMY→rMFG: r A+ = 0.02, r TT = −0.19, P = 0.47; end_rMFG→lINS: r A+ = 0.04, r TT = −0.19 P = .43; end_ rMFG→rAMY: r A+ = 0.02, r TT = −0.22, P = .41).
Discussion
In this pilot study, we examined the interaction between age (children vs. adolescents) and NPSR1 rs324981 genotype on emotion regulation and effective connectivity in a fronto-limbic network. Behavioral performance (i.e., error rates, reaction times and speed-accuracy tradeoff scores) increased with age across both genotype groups, pointing toward a development toward a more accurate and a more meticulous way of processing the task. With regard to omission errors, however, a significant NPSR1 genotype by age interaction was revealed, with a significantly higher number of omission errors in young (<14 years) TT homozygotes compared with all other groups, suggesting rather unspecific processing deficits or immature cognitive skills in young TT homozygotes.
Fronto-limbic connectivity varied between age groups as well as NPSR1 genotypes revealing a significant age-by-genotype interaction: whereas in A allele carriers older subjects showed significantly stronger fronto-limbic connectivity compared with the younger subjects, there was no difference between age groups in TT risk genotype carriers. This lack of increase in connectivity strength in TT homozygotes was reflected by a significantly reduced connectivity when comparing older subjects across genotype groups (A allele carriers ≥14 years vs. TT homozygotes ≥14 years). Functional amygdala-cortical connectivity related to executive functioning in emotion regulation has been characterized in various structural, resting-state as well as taskbased analyses. The present finding suggesting increased frontolimbic connectivity in adolescent nonrisk A allele carriers as compared with children carrying the nonrisk A allele is in line with normative dynamic progression of structural human frontal lobe development as shown in a prospective, longitudinal study of children/adolescents (4-21 years of age), where the dorsolateral PFC was shown to develop only at the end of adolescence (Gogtay et al. 2004) . Using resting-state fMRI, the amygdala was found to display significantly weaker intrinsic connectivity with multiple distributed cortical regions in children (7-9 years of age) as compared with adults (19-22 years of age) (Qin et al. 2012) and to increase with age from 4 to 23 years (Gabard-Durnam et al. 2014) . Also in task-based fMRI studies, a maturation of attention-related, that is, PFC engagement in processing of emotional facial expressions was discerned when comparing adolescents (9-17 years of age) and adults (25-36 years of age) (Monk et al. 2003) and across an age span from 4 to 22 years of age, respectively . Cognitive reappraisal to regulate emotions was suggested to be supported by a linear increase in the activation in the left ventrolateral PFC between the 10 and 23 years of age (McRae et al. 2012 ). Finally, a study employing the same emotional go-nogo task as the present study revealed exaggerated amygdala activity in adolescents (13-18 years of age) as compared with adults (19-32 years of age) and less functional connectivity between the ventral PFC and the amygdala to be associated with failure to habituate to fear targets . Increasingly negative amygdala-cortical connectivity, that is, increased top-down cortical control and consequently declining amygdala reactivity with age during adolescence, is suggested to mirror a stabilization of networks related to affective and cognitive control pertinent to developing resilience to anxiety and anxiety disorders (Kim et al. 2011 ; for review, see Dresler et al. 2013) . Along these lines, the present finding is in accordance with the reports of the NPSR1 A allele to be under-represented in PD patients and to be associated with intermediate phenotypes suggested to confer a protective effect toward anxiety disorders such as attenuated amygdala activation and increased PFC activation, respectively, in response to anxiety-related emotional stimuli (Dannlowski et al. 2011; Domschke et al. 2011) .
In contrast, in TT risk genotype carriers, there was no difference in effective amygdala-cortical connectivity across age groups, and older (≥14 years of age) TT homozygotes were rather found to display significant reductions in effective amygdalacortical connectivity as compared with older carriers of the protective A allele. Given the NPSR1T allele to be associated with PD Donner et al. 2010; Domschke et al. 2011 ), higher behavioral avoidance (Domschke et al. 2011) , altered fear conditioning (Raczka et al. 2010) as well as imbalanced frontolimbic activation to fearful stimuli (Dannlowski et al. 2011; Domschke et al. 2011 ), the present finding suggests a disturbed cortical top-down control in NPSR1 risk genotype carriers as a potentially developmentally relevant risk factor for anxiety disorders. This pattern of decreased effective amygdala-cortical connectivity in individuals genetically prone to anxiety disorders corroborates previous findings on distorted cortico-limbic activation and/or functional connectivity in children and young rhesus monkeys with anxious temperament (Birn, Shackman et al. 2014) , adults with high anxiety (Ball et al. 2013) as well as adult patients with anxiety disorders (Hahn et al. 2011; Prater et al. 2013; Roy et al. 2013 ; for review, see Kim et al. 2011) . Furthermore, the present pilot data on effective connectivity extend activity and/or functional connectivity studies by indicating a reduction in both, bottom-up signaling from the amygdala to the PFC and frontal top-down control of the amygdala and are in line with a first landmark study assessing effective connectivity by means of DCM in patients with social anxiety disorder, where abnormal connectivity between the orbitofrontal/dorsolateral PFC and the amygdala was observed (Sladky et al. 2015) . The same pattern of decreased connectivity and thus presumably decreased top-down control in older (≥14 years of age) NPSR1 TT homozygotes as compared with carriers of the protective A allele could presently be shown for the left insula and the PFC. The insula has been implicated in the regulation of anxious responses to particularly internal stimuli (Critchley et al. 2004 ; for review, see Domschke et al. 2010) . It was reported to be hyperreactive in anxiety-prone individuals (Simmons et al. 2011) as well as in patients with anxiety disorders (Klumpp et al. 2012 ; for review, see Paulus and Stein 2006; Bruhl et al. 2014) , and disturbed insula-prefrontal connectivity has been suggested in patients with social anxiety disorder (Klumpp et al. 2012) .
While fitting with the majority of studies on NPSR1 gene variation in humans with the gain-of-function T allele being associated with anxiety-, particularly PD-related phenotypes Donner et al. 2010; Raczka et al. 2010; Dannlowski et al. 2011; Domschke et al. 2011; Tupak et al. 2013; Klauke et al. 2014 ), the present results seem inconsistent with studies reporting the NPSR1 A allele to confer higher trait anxiety (Glotzbach-Schoon et al. 2013 ) and a higher risk of anxiety and affective disorders in a GxE model (Laas, Reif, Akkermann et al. 2014) , obsessive-compulsive disorder (Lennertz et al. 2013) , and schizophrenia (Lennertz et al. 2012) , with studies reporting the NPSR1T risk allele to rather upregulate prefrontal activity in healthy probands, for example, during an emotional n-back task (Guhn et al. 2015) and during an executive control task in correlation with anxiety sensitivity (Neufang et al. 2015) , as well as particularly with findings in adult rodent models, where NPS and agonists at the NPSR have been shown to rather exert a dose-dependent anxiolytic effect (e.g., Xu et al. 2004) . A possible explanation of this paradox might be that PD is to a great extent conferred via an increased level of arousal, which in animal models has actually been found to be driven by increased NPS activity (for review, see Pape et al. 2010) . Also, pharmacological interventions during adulthood such as NPS/NPSR agonists in rodent models might not readily mimic genetically driven alterations during ontogeny, which is comparable with the discussion regarding the shorter 5-HTTLPR S allele conferring decreased serotonin transporter activity to be associated with anxiety-related phenotypes, whereas serotonin transporter inhibitors (selective serotonin re-uptake inhibitors; SSRIs) are effectively used in the treatment of anxiety. A recent elegant study by Slattery et al. (2015) explicitly broached this apparent paradox between animal and human literature. This study demonstrated that rats and mice that had been bred for high levels of anxiety-related behavior display numerous variants in the Npsr1 gene, including a synonymous SNP in the coding region. The authors convincingly revealed that this SNP lead to increased NPS-induced luciferase activity akin to the study showing the human T allele to confer increased NPS signaling (Reinscheid, Xu, Okamura et al. 2005) . Interestingly, when these rats and mice were given acute central NPS administration a potent anxiolytic effect was observed, as well as the abolishment of their deficits in fear extinction and expression. Taken together, it has been suggested that receptor activity per se does not reflect the entire situation, and increased signaling in the more active forms of the rodent/human receptor might actually constitute a compensatory mechanism to counteract a lack of NPS release, which is in line with the notion that the partly observed upregulation of PFC activity in healthy T allele carriers might reflect a compensatory engagement in individuals at risk who experience the necessity to regulate their emotions more strongly than nonrisk allele carriers. Given the ongoing discussion as sketched earlier, the exact mechanistic involvement of NPS signaling as potentially modified by NPSR1 gene variation in the development of cortico-limbic connectivity in the context of the present task remains to be further elucidated in future studies.
Finally, absolute values of correlation coefficients indicated a negative relation between anxiety as ascertained by the anxiety subscale of the KSADS and fronto-limbic connectivity in NPSR1 TT risk genotype carriers, which, however, did not reach statistical significance. Given the nonclinical population under study and thus low variation of anxiety scores and in turn the KSDAS applying clinical criteria to assess anxiety, the suggested relationship of anxiety-related traits and impaired top-down control of limbic structures in NPSR1 risk genotype carriers might only become statistically evident when, for example, assessing anxiety sensitivity, which captures more subtle variations in subclinical anxiety eventually increasing the risk of anxiety disorders (see Schmidt et al. 2006; Klauke et al. 2014 ), or -given the known association of NPSR1 gene variation with impulsivity on the one hand and the nature of the task not directly manipulating emotion but rather reflecting an emotion recognition effect on response inhibition on the other hand -behavioral inhibition, a PD risk-increasing temperament identified in early childhood (Hirshfeld-Becker et al. 2008) .
The following limitations have to be considered while interpreting the present results: Given that the task design contained unequal run durations with the longer run including 2 emotional valences (happy/fear) in the nontarget condition, a potentially higher cognitive load might have been induced compared with other 2 runs, where only 1 emotional valence was presented. However, as subjects practiced the experimental task on a computer outside the scanner, a potentially confounding effect can be expected to be minimized. The present sample size, despite being within the range of comparable studies applying DCM (e.g., 15 patients, 15 controls; Sladky et al. 2015) , is relatively small for an imaging genetic study, particularly since the main result is based on N = 10 TT homozygotes in each age group only. The age range of participants included in the present study (8-21 years of age) does not fully cover the range investigated in previous studies (mostly 4-23 years of age; Gogtay et al. 2004; Gabard-Durnam et al. 2014 ) but is comparable to the study by Qin et al. (2012) (7-22 years of age). Along these lines, the presently chosen definition of age groups (<14 years vs. ≥14 years) might slightly blur the suggested point of change for amygdala-cortical connectivity around 10-11 years of age Gabard-Durnam et al. 2014 ), whereas other studies described a switch at the age of 14 (e.g., McRae et al. 2012) , and in the context of anxiety, the age of 14 has been identified as a particularly vulnerable period (McGue and Iacono 2005; Tzschoppe et al. 2014) . Furthermore, the present lack of correction for early traumata such as separation events or abuse could have confounded the present results as it has been shown that a) early life stress such as maternal deprivation or childhood maltreatment partly predicts fronto-subcortical connectivity (e.g., Gee, Gabard-Durnam et al. 2013; Birn, Patriat et al. 2014; Fan et al. 2014 ) and b) NPSR1 genotype interacts with childhood trauma to drive anxiety sensitivity in healthy probands (Klauke et al. 2014) . In this study, genotype-by-age-related connectivity findings were not reflected by behavioral performance. Incongruent findings in behavioral performance and neural processing have been described in numerous earlier publications suggesting that behavioral measures might be less sensitive to genotype-driven/age group-induced differences in cognitive processing than brain activation parameters (Fink et al. 2002; Wilkinson and Halligan 2004; Thiel et al. 2005) , particularly since in the present study all participants were typically developing healthy subjects within the normal range of variation in cognitive processing, and pathological behavioral phenotypes have been an exclusion criterion for participation in this study. Along these lines, the present data do not allow for generalization to the clinical context. In general, as the present cross-sectional design is susceptible to possibly confounding interindividual variance and cohort effects, future studies applying a longitudinal design are warranted in order to intraindividually assess the temporal trajectories of amygdala-cortical effective connectivity.
In summary, the present pilot data show higher fronto-limbic connectivity in adolescent A allele carriers as compared with children carrying the A allele, a pattern which could not be discerned in TT homozygotes. Accordingly, adolescent NPSR1 TT risk genotype carriers as compared with adolescent A allele carriers displayed a reduced fronto-amygdala and fronto-insula effective connectivity suggesting the known risk-increasing effect of the NPSR1T allele for anxiety-related traits and anxiety disorders, respectively, to be partially due to impaired top-down control of limbic structures emerging during adolescence. These imaging genetic findings further add to the body of knowledge about the impact of genetic risk variants on brain development in the pathomechanism of anxiety (for review, see Monk 2008) . Exemplary previous studies in this regard investigating children/adolescents aged 8/9-19 years reported the serotonin transporter 5-HTTLPR S anxiety risk allele to confer an impaired age-related increase in connectivity strength between the posterior hub and the left superior medial frontal cortex within the default network (Wiggins et al. 2012) as well as decreased connectivity between the right amygdala and the ventromedial PFC with age in an emotional faces task (Wiggins et al. 2014) . On an epigenetic level, a study in young rhesus monkeys suggested differential DNA methylation of JAG1 -a gene involved in astrogenesis/neurogenesis and thereby brain development -to be associated with anxious temperament (Alisch et al. 2014) .
By further elucidating the complex pathomechanism of anxiety disorders on a genetic, neural network and developmental level and thus potentially providing combined biomarkers of anxiety risk early during development, these findings -provided robust replication in longitudinal studies -could contribute to targeted preventive inventions within the crucial time window of adolescence. For instance, given that pharmacological agents targeting the NPS system have already proven to exert an anxiolytic effect in the mouse model (Ionescu et al. 2012; Lukas and Neumann 2012) , they might also be helpful in reversing the genotype-driven reduced fronto-limbic connectivity in NPSR1 TT risk carriers as successfully demonstrated for oxytocin, another peptide involved in emotion regulation and anxietyrelated states, in subjects with generalized social anxiety disorder (Dodhia et al. 2014 ).
